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An artificial sensor based on nanomaterials has been great 
interest in research on artificial sensory systems because of their 
excellent sensitivity and selectivity. The fundamental studies of 
mammalian sensory systems and the hybridization of bio- and 
nanomaterials are necessary for the development of the remarkable 
performance of sensors.
In this dissertation, we have investigated on the activity of various 
sensory receptor proteins and related responses. Furthermore, we 
developed artificial sensory systems for the assessment of food quality 
with high reliability which could mimic the response of mammalian 
sensory system.
ii
First, we have developed a multiplexed bioelectronics sensor (MBS)
that could distinguish various odorants and tastants indicating the food 
contaminations. We demonstrated that the MBS could monitor the 
responses of various sensory receptors, showing different binding 
characteristics. The MBS exhibited a human-like performance in a 
mixture solution of various target molecules of receptors with 1 pM 
detection limit. In addition, our sensor platform could recognize food 
contamination indicators from the real food samples via the 
combinations of responses of different receptors.
Moreover, we developed a highly-stable and oriented nanodiscs (NDs)-
based bioelectronic nose (ONBN) for the detection of CV. TAAR13c-
embedded nanodiscs (T13NDs) were constructed with TAAR13c 
produced in E. coli. High-quality T13NDs efficiently mimic native 
binding pockets and lead highly sensitive and selective detections of 
CV. Here, the immobilization of T13NDs with a desired orientation on 
floating electrodes via linker molecules enabled the active binding site
to recognize target molecules, which results in high sensitivity and 
selectivity of our sensor platform. In addition, an ONBN quantitatively
detect CV in real food samples by spoilage periods. These results
indicate that our ONBN platform based on GPCR-conjugated FET is a 
new method for the detection of death-associated odor and has a
iii
potential on practical bioelectronic sensor applications.
Additionally, in the last part of this dissertation, we discussed about the 
control of enzymatic reaction via nanostructured conducting polymer. 
We reported a novel bio-chip strategy for control of enzymatic reaction 
in real-time via electrical stimuli. This technique is named as a “bio-
switch chip” (BSC). We fabricated BSC structures using polypyrrole 
(Ppy) with entrapped glucose oxidase (GOx) and showed the switching 
performance of enzymatic reaction in real-time. The introduction of a 
negative bias voltage on the BSC structure resulted in the 20-folds 
increased glucose oxidation reaction than that without a bias voltage. 
Furthermore, we could control the enzymatic reaction on specific 
regions because the BSC structures could be fabricated on specific 
regions. In consideration of the fact that enzymes enable useful and 
versatile to bio-chemical reactions, the capability to control the 
enzymatic reactions using simple electrical signals could open up 
various applications in the field of biochips and biochemical industries.
Keywords: artificial nose, food quality, receptor, nanodisc, carbon 
nanotube
Student Number : 2011-24029
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Carbon nanotubes are allotropes of carbon with a nanostructure that can 
have a length-to-diameter ratio greater than 1,000,000 times. These 
cylindrical carbon molecules have novel properties that make them 
potentially useful in many applications in nanotechnology, electronics, 
optics and other fields of materials science. They exhibit extraordinary 
strength and unique electrical properties, and are efficient conductors of 
heat. Nanotubes are categorized as single-walled carbon nanotubes, 
double-walled carbon nanotubes and multi-walled carbon nanotubes.
The nature of the bonding of a nanotube is described by applied 
quantum chemistry, specifically, orbital hybridization. The chemical 
bonding of nanotubes is composed entirely of sp2 bonds, similar to 
those of graphite. This bonding structure, which is stronger than the sp3
bonds found in diamond, provides the molecules with their unique 
strength. Nanotubes naturally align themselves into "ropes" held 
together by Van der Waals forces. Under high pressure, nanotubes can 
merge together, trading some sp² bonds for sp³ bonds, giving the 
possibility of producing strong, unlimited-length wires through high-
pressure nanotube linking. A CNT is a honeycomb lattice rolled into a 
cylinder [1]. The diameter of a CNT is of nanometer size and the length 
3
of the nanotube can be more than 1 mm.
The structure of swCNT is specified by the chiral vector OA, Ch. In figure 1-1
OB is the direction of nanotube axis and the OA direction corresponds to the 
nanotubes equator. The a1 and a2 in the figure are unit vectors, which are 
composed of the chiral vector,
(1)      Ch = na1 + ma2 (0 < m <n)                     
Here n and m are integers. The θ is the angle between chiral vector and one 
unit vector, which is defined as chiral angle,















During the formation of swCNT, the graphite sheet rolls up along the chiral 
vector Ch. And diameter of swCNT is defined as,









Based on the difference between n and m values in the chiral vector, the 
electronic properties of swCNT can be predicted. If n - m is an integer 
multiple of three, then the swCNT is metallic tube. Otherwise tube is 
semiconducting. Also based on the n and m, we can geometrically define 
three types of swCNT. If n equals to m, then we call it an armchair tube; 
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if m equals to zero, then we call it a zig-zag tube; otherwise, we call the 
tube a chiral tube (Figure 1-1). Armchair tube is always a metallic, zig-
zag and chiral tubes can be metallic or semiconducting.1
Figure 1-1 The structure of carbon nanotube.1
CNT has a couple of important physical properties. CNTs are the strongest 
and stiffest materials on earth, in terms of tensile strength and Young’s 
modulus respectively.2 This strength results from the covalent sp² bonds 
formed between the individual carbon atoms. In year 2000, a multi-walled 
carbon nanotube was tested to have a tensile strength of 63 GPa. In theory, 
metallic nanotubes can have an electrical current density more than 1,000 
times greater than metals such as silver and copper.3 And all nanotubes are 
expected to be very good thermal conductors along the tube,4 exhibiting a 
property known as "ballistic conduction," but good insulators laterally to the 
tube axis. It is predicted that carbon nanotubes will be able to transmit up to 
6000 W/m per kelvin at room temperature. The temperature stability of 
carbon nanotubes is estimated to be up to 2800 ℃ in vacuum and about 750 ℃
5
in air.
1.2 G protein-coupled receptor
GPCRs are integral membrane proteins that have seven transmembrane 
helices and involved in various physiological processes including cell 
signal transduction, sensory signaling, neuronal transmission and 
hormonal signaling.5 Because of the physiological importance, more 
than 50% of all drugs target GPCRs and control their activities.6 The 
human genome contains about 800 GPCRs and many of these are 
involved in sensory mechanisms including olfaction and gustation.7
There are non-sensory human GPCRs known as receptors which are 
activated by native or endogenous ligands but 143 orphan receptors are 
not yet known their functions.7
The molecular insights of GPCRs were initiated with the cloning of the 
first mammalian GPCR, β2 adrenergic receptor63 and the crystal 
structure of rhodopsin64 and β2 adrenergic receptor.8, 9 The GPCR 
sequences are conserved at the amino acid level on seven distinct 
hydrophobic transmembrane regions (each is 20–30 amino acids in 
length), an extracellular N-terminus and an intracellular C-terminus. 
According to the conservation and function of GPCRs, they can be 
classically divided into three main classes, class A (rhodopsin-like) 
6
receptors, which are involved in 85% of the GPCR genes, class B 
(secretin-like) receptors and class C (metabotropic receptor-like) 
receptors.
Figure 1-2 Schematic diagram of GPCR-mediated intracellular signal 
transduction depends on the type of G protein.
There are two major signal transduction pathways involving GPCRs: 
the cyclic adenosine monophosphate (cAMP) path way and inositol 
(1,4,5) trisphosphate (IP3) path way (Figure 1-2).
10 When the specific 
ligand binds to the GPCR, it causes a conformational change in the 
receptor, which allows G protein. G protein’s α subunit is then 
dissociated to downstream intracellular signaling proteins or target 
7
functional proteins.
The downstream signal transduction depends on the type of G protein 
coupled with GPCR (Figure 1-2). Gαs mediates cAMP signal pathway. 
The enzyme, adenylate cyclase, can be activated by a Gαs and 
exchanges ATP to cAMP. A cyclic-nucleotide-gated (CNG) channel, 
finally, is opened and leads to an influx of intracellular Ca2+ and Na+. 
The influx of positive ions depolarizes the ciliary membrane and elicits 
the generation of potential on the axon. The cAMP also binds to the 
regulatory subunits and causes the dissociation of the regulatory 
subunits. This dissociation mediated by cAMP activates protein kinase 
A and further biological effects can be occurred.
In case of IP3 path way, the signal transduction is mediated by Gαq. 
The Gαq, dissociated by conformational change of the GPCR, activates 
phospholipase C on the plasma membrane and the lipase hydrolyzes IP3. 
The increase IP3 activates ion channels in the plasma membrane and 
endoplasmic reticulum.
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1.3 Theoretical Modeling for Bio Sensors
Figure 1-3 Schematic diagram showing the measurement set-up. A CNT 
channel is connected by source and drain electrodes. The electrodes are 
covered with photoresist (PR) to prevent electrochemical reactions. A liquid 
cell is formed to confine the solution. For the theoretical model, we assumed
that analytes of bulk concentration [A] get adsorbed on CNT surface with 
binding sites with surface concentration [B]s. The concentration of adsorbed 
analytes on CNT surface is [AB]s. The analytes in bulk solution are in 
equilibrium with those adsorbed on CNT surface.
Figure 1-3 shows the schematic for the theoretical model for the CNT 
network-based sensors. A CNT channel is connected by source and 
drain electrodes. The electrodes are covered with photoresist (PR) to 
prevent electrochemical reactions. A liquid cell is formed to confine the 
solution. For the theoretical model, we assumed that analytes of bulk 
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concentration [A] get adsorbed on CNT surface with binding sites with 
surface concentration [B]s. The concentration of adsorbed analytes on 
CNT surface is [AB]s. First, we assumed that CNT channels had a finite 
number of binding sites for analyte molecules, and analytes in bulk 
solution and those adsorbed on the CNT surface form a Hill equation
like












where [A], [B]s, [AB]s, and K represent analyte concentration in bulk 
solution, binding site concentration on CNT surface, concentration of 
adsorbed analytes on CNT surface and the equilibrium constant, 
respectively.
Previous report shows that charge carriers can transport ballistically in 
individual CNTs. However, CNT network-based channels are usually 
comprised of multiple CNTs overlapping on each other. In this case, we 
can expect more diffusive charge transport due to the short mean free 
paths. Thus, we can ignore any coherent gating effect and assume that 
the current change ∆I in the channel is linearly proportional to the 
































where ∆VA, ∆qA, qA, C0 represent the liquid potential change around the 
CNTs caused by the adsorbed analyte molecules, total electric charge 
contributed by the adsorbed analyte molecules to the CNTs, electric 
charge contributed by unit concentration of the adsorbed analyte 
molecules to the CNTs, and the coupling capacitance due to the 
analytes. Therefore, the sensor response, defined as the conductance 
change (∆G=∆I/Vds) with respect to initial conductance G0, becomes


























It is worth mentioning several important aspects of this equation. Firstly,   
represents the electrical characteristics of a specific CNT junction and 
should be independent of analyte species. It can be estimated by simple 
electrical measurement on the CNT devices. Secondly, and K represent 
the capacitative coupling and adsorption properties of specific analyte 
molecules onto CNT-based sensor surfaces, respectively. Thus, they 
should be determined by the analyte type and do not depend on the 
structures of the CNT devices.
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Chapter 2
Multiplexed Bioelectronic Sensor for 
Assessment of Food Quality
14
2.1 Introduction
To overcome the limitations of conventional analytical 
methods, highly sensitive and selective bioelectronic sensors that 
mimics the human olfactory/taste system have been reported.1-3 The 
sensors used olfactory or taste receptors as a primary recognition 
molecule and nanomaterials such as a carbon nanotube,4-15 conducting 
polymer16,17 and graphene18,19 as secondary transducers for the 
amplification of signal from the primary recognition molecule. The 
sensors have advantages of their high selectivity of nature system and 
high sensitivity of a nanomaterial-based electronic sensor. It can be 
applied in food quality analysis,8,10,13,14,17 disease diagnosis11 and 
environmental assessment.15
Although the sensors distinguish their target molecules with high 
resolution, they could not recognize complex mixtures like humans 
perceive. The human olfactory and taste system are activated by the 
combinatorial pattern recognition of various receptors.20-22 For an 
accurate representation of the human olfactory/taste system and 
simultaneous analysis of various odor and taste, multiplexed sensing 
systems are required with different kinds of receptors. In the previous 
works, the size of the sensor was small enough, but the size of the 
measurement equipment was too large for the on-site analysis. Thus, in 
15
addition to multiplexed sensing, miniaturization of the current 
monitoring system is necessary for practical applications of the 
bioelectronic sensor.
Herein we report a portable and multiplexed bioelectronic sensor that 
combines human olfactory and taste receptor with multi-type carbon 
nanotube (CNT) field-effect transistor (FET) and applied the device for 
the monitoring of food freshness for the first time. For the multiplexed 
analysis of taste and odor-causing compounds produced from food, 
four different kinds of receptors were produced in E. coli23 and their 
native structures and functional properties were evaluated. And then 
they were immobilized onto CNT channels with a uniform orientation 
by nickel-histidine reaction. The CNT-FET sensor was designed in 4x4 
multi-channel type and all channels were divided by microwells 
fabricated by 3D printing technology. For on-site applications, a 
portable current monitoring system was customized for the multi-
channel type bioelectronic sensor and was operated with a power 
supplied by a laptop computer. The device successfully distinguished 
the four different molecules, and the pattern recognition of complex 
mixtures was available without interference in binding of target 
molecule to its specific receptor by other molecules allowing successful 
analysis of various food quality.
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2.2 Construction of Multiplexed Bioelectronic Sensor
Figure 2-1 Schematic diagram depicting the construction of multiplexed 
bioelectronic sensor functionalized with nickel ion on CNT channels for the 
immobilization of human olfactory and taste receptors.
Figure 2-1 shows the schematic diagram representing the 
fabrication process of a multi-channel sensor (MCS) and channel 
splitter. The MCS was fabricated with the following method previously 
reported (detailed in Materials and Methods).6,9,11 The electrodes and 
channels were patterned on a SiO2 wafer via the photolithography 
method and the patterned wafer was incubated in the SWCNT solution. 
The passivation layer was made on the electrodes to prevent the 
leakage of current under the aquatic condition. The fabricated MCS had 
four quadrant parts and each part composed of four compartmentalized 
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CNT network channels. The CNT network channels were 
functionalized with Ni component for immobilization of four types of 
receptors with the method reported in previous papers.5,34 The MCSs 
were incubated in 4-carboxybenzene diazonium tetrafluoroborate 
solution to to functionalize the SWCNTs on the channels. Then, the 
carboxylic acid of the 4-carboxybenzene was activated in activation 
buffer solution and was immersed in Nα,Nα-bis(carboxymethyl)-L-
lysine hydrate (NTA-NH2) solution. Finally, the MCSs were washed 
with deionized water and were placed in a solution of NiCl2 for 
functionalization of Ni2+ on SWCNTs.
A channel splitter was fabricated using a 3D printer and designed as the 
different height of walls to prevent various solutions from mixing each 
other. The wall inside the quadrant part (X-shaped walls) plays a role in 
splitting the inner part of the MCSs. It prevents one receptor solution 
from mixing with other receptor solution during receptor 
immobilization process. The wall has played a role in block affecting 
one receptor to other quadrant part for the immobilization processes. 
The outer wall helps to set the consistent volume solutions on the 
channel parts and block the solution from contacting the pads. The 
channel splitter was coated with thin layer of polydimethylsiloxane 
(PDMS) to prevent the leakage of solutions, and was fixed on the 
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channel part of the MCS. The assembled MCS was baked at 120 °C 
for 30 min to cure PDMS.
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2.3 Characterization of Human Olfactory and Taste 
Receptors
Figure 2-2 Functional production of human olfactory and taste receptors. (a) 
SDS-PAGE and (b) Western blot analysis of purified and reconstituted 
receptor proteins; olfactory receptor – OR2J2, OR2W1 and TAAR5, taste 
receptor – TAS2R38. (c) Secondary structure analysis of olfactory and taste 
receptor proteins. (d) Evaluation of the receptor selectivity with octanol, 
hexanal, trymetylamine and goitrin. Error bars, SD, three replicates.
Figure 2-2 (a) shows the SDS-PAGE images of the produced 
and purified proteins. All receptor proteins were successfully expressed 
with the expected size and purified with high purity. Western blot was 
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carried out using his-tag antibody to confirm the fusion of receptor 
proteins with his-tag (Figure 2-2 (b)). Their secondary structures were 
analyzed by circular dichroism spectroscopy. Human olfactory and 
taste receptors are mainly composed by alpha helices and possess 
strong negative bands at 208 and 220 nm of wavelength.23,31,32 Figure 
1c shows all reconstituted proteins have minimal values at the predicted 
both wavelengths indicating that they were well-constructed with our 
reconstitution methods. The functionality of proteins was evaluated 
using a tryptophan fluorescence quenching method (Figure 2-2 (d)). 
Mainly, the fluorescence of proteins forming folded structure is due to 
the excitation of tryptophan residues of the proteins and the 
conformational change of the proteins by ligand binding decreases the 
fluorescence intensity by shielding tryptophan residues of the 
proteins.33 In this study, the selected sensory proteins contain several 
tryptophan residues; five residues in OR2J2, three residues in OR2W1, 
eight residues in TAAR5, and nine residues in TAS2R38. Figure 1d 
shows that the receptor proteins selectively recognize their ligands with 
dose-dependent manner.
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2.4 Operation of MBS Device
Figure 2-3 Detection of target molecules using customized monitoring 
platform. (a) A picture of the portable and multiplexed bioelectronic sensor 
connected to a laptop. (b) Signal pattern recognition of each odor and taste 
molecules by the bioelectronic sensor (the concentrations of target molecules 
were fixed at 1 nM). (c) Normalized sensitivity of the sensor based on each
sensory receptor.
We also developed a customized portable measurement system 
for the detection of various molecules using the MCSs (Figure 2-3 (a)). 
The portable system is composed of 20 probes, a 16-to-1 multiplexer 
and a microcontroller unit to control the switching from a channel to 
another one. HyperTerminal was used for the platform of the 
instrument control. We applied bias voltages of 0.1 V to the reference 
pads and measured the current signals with the resolution of 10-10 A. 16 
probes were utilized for the measurement of conductance changes, and 
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the other 4 probes were used for the reference pads. The channels were 
switched sequentially from 1 to 16 and repeated 3 times. This platform 
was designed to connect it to a laptop using a USB cable for its 
portable application. When odor and taste molecules were injected into 
the multi-channel type CNT, the receptor-functionalized channel 
showed the conductance changes with high selectivity (Figure 2-3 (b)), 
although there were no significant changes in conductance at the 
pristine CNT channels. The conductance change was normalized to the 
maximum response and Figure 3c shows the normalized sensitivity and 
the distinction ability of the sensor at different concentrations of 
specific target molecules. The dose-dependent signals were analyzed 
with the Langmuir isotherm and the calculated Kd value was 7.529 x 
1012 M-1 for OR2J2 and octanol, 3.046 x 1010 M-1 for OR2W1 and 
octanol, 2.309 x 1011 M-1 for OR2W1 and hexanol, 1.974 x 1011 M-1 for 
TAAR5 and trimethylamine, and 1.782 x 1012 M-1 for TAS2R38 and 
goitrin. The human olfactory system is known to recognize a smell by 
the sum of the receptor binding codes and antagonistic interactions of 
olfactory receptors were reported.35 Thus, interference effects between 
the receptors and odor molecules were evaluated. When we compared 
electrical signals of each target molecules and the target molecule in 
mixtures, other molecules in mixture did not affect the electric signal of 
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target molecule and intrinsic signals of single compounds were 
measured in the mixtures. These results show that the target molecule 
in complex mixture can be detected selectively without any interference 
in binding of target molecule to its specific receptor by other molecules.
2.5 Assessment of Food Freshness Using Bioelectronic 
Sensor
Food is the major source for human nutrition to maintain their 
healthy life. Everyone does not want to take stale food and even 
consumption of contaminated food can lead to serious diseases, and 
therefore, it is important to control food quality in various food 
industries.36 There have been many conventional methods for the 
assessment of food quality. They are physical (viscosity, chromaticity, 
turbidity, solubility) method, physicochemical (moisture, acid value, 
sugar contents, nutritional contents analysis) method, microbiological 
challenge (bacterial counts) method, and human sensory test 
(appearance, flavor, taste, texture).37 However, those methods are not 
suitable for rapid analysis due to their invasive and complex 
pretreatment steps, long analytical times and requirements for an expert. 
To overcome the limitations of the conventional methods, we applied 
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our bioelectronic sensor for the assessment of food quality. Since our 
target molecules, such as octanol, hexanal, trimethylamine, and goitrin,
are known as indicators of food contamination, it was expected to 
detect these molecules in various kind of foods and therefore we 
measured the response of the bioelectronic sensor to the treatment of 
several food samples. Various food samples were kept in refrigerator 
until seven days and were used for applying to bioelectronic sensor 
every day (Figure 2-4). Among the prepared food samples, banana, 
chicken, potato and strawberry did not induce any significant changes
in current of the sensor. However, when beef and pork samples, which 
were stored in refrigerator for three days, were treated to the OR2J2-
functionalized channel, significant changes in current were found and 
also the changes in current started to be found at the OR2W1-
functionalized channel by the treatment of beef and pork after the 
storage of six and seven days in a refrigerator, respectively. These 
signals were estimated as a notice by the existence and the 
concentration change of an odor molecule, octanol in beef and pork. In 
case of cheese and milk, octanol concentration increased two days after. 
Trimethylamine began to be detected from both oyster and shrimp at 
day one and day three, respectively. Goitrin, which is an antithyroid 
toxin, was found in broccoli and cabbage. Interestingly, the signal 
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intensity induced by broccoli and cabbage did not increase with 
increasing storage time and was steadily maintained from day zero to 
day seven. These results indicate that our sensor can be effectively used 
for simultaneous analysis of various food freshness and also can 
replace the complex and time-consuming conventional analytical 
methods.
Figure 2-4 Signal pattern analysis of various food samples. Error bars, SD, 
three replicates. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
2.6 Conclusions
Olfactory and taste system are well known as a great natural 
sensing system, and olfactory/taste receptors play an important role in 
discriminating target odor/taste molecules from a myriad of other 
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odor/taste molecules. In this study, by the integration of human 
olfactory/taste receptors to the multi-channel CNT-FET platform with 
channel splitter, we developed a portable and multiplexed bioelectronic 
sensor for the simultaneous detection of the target molecule in the 
mixtures. The sensing device selectively distinguished mixtures of 
these molecules as well as individual odor and taste molecules with 
high sensitivity and became portable by combining the miniaturized 
current measurement system with the carbon nanotube so that electrical 
signals can be rapidly analyzed in the field and also in real-time. From 
our results, it is expected that this multiplexed bioelectronic sensor can 
be used as a useful tool for the quality assessment of various foods and 
also can be used for diverse on-site detection of various molecules by 
applying other olfactory and taste receptors to this sensing platform.
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3.1 Introduction
G protein-coupled receptors (GPCRs) play important roles in 
the cellular responses of the human body. Thus, they are significantly 
involved in many human diseases and are the target of approximately 
40% of all modern medicinal drugs.1, 2 Trace amine-associated 
receptors (TAARs), a class of GPCR, are conventional amine receptors 
binding to endogenous compounds structurally related to classical 
biogenic amines. It has been reported that trace amine-associated 
receptor 13c (TAAR13c) in the zebrafish (Danio rerio) functions as an 
olfactory receptor (OR) and has an efficient specificity to the death-
associated odor cadaverine (CV).3-6 CV, generated by bacterial 
decarboxylation of lysine, is an extremely repulsive odor to humans, 
among various biogenic amines. In addition, CV is one of the important 
markers for decayed foods because various kinds of food products 
contain lysine. Therefore, it has been suggested that the detection of CV 
can be applied to various fields of industrial applications and scientific 
investigations.3, 7
For the production of recombinant proteins, the Escherichia 
coli (E. coli) has been widely used as a host cell because of its great 
advantage in productivity and convenience. However, the production of 
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GPCR in E. coli remains a challenge because of their strong 
hydrophobicity, a complicated charge distribution and membrane 
inserting mechanism of bacterial cells.8-10 Among many reconstitution 
techniques of receptors, nanodiscs (NDs) have been considered the 
most appropriate tool for GPCR reconstitution.11, 12 NDs are composed 
of a receptor, a lipid bilayer and membrane scaffold proteins (MSPs), 
which tightly wrap the edge of the a lipid bilayer, thus NDs can be 
stable in an aqueous environment10, 12-14 and mimic the native structure 
of the receptor in a cell.13, 14 An ND-based biosensor using Sf9 insect 
cells has also been reported.13 However, an ND-based biosensor using
an E. coli system, which has great advantages in productivity over other 
systems, has not been previously reported. A carbon nanotube field-
effect transistor (CNT-FET) with floating electrodes can exhibit 
improved performance compared with a conventional CNT-FET.15, 16
The floating electrode structure on a CNT-FET can enhance the 
sensitivity of the device via the increased effect of Schottky barrier 
modulation. The Au floating electrodes also have advantages in the 
functionalization of specific biomolecules on their surfaces. The 
surfaces of floating electrodes have larger areas than conventional 
devices as well as more suitable conditions for the functionalization of 
biomolecules.
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Here, we report the development of an oriented nanodisc-
functionalized bioelectronic nose (ONBN) using TAAR13c-embedded 
nanodiscs (T13NDs) with high selectivity and sensitivity for the 
detection of CV. The T13NDs using receptors produced in E. coli
enable the immobilized receptor to have stability and a natural binding 
pocket. Moreover, the T13NDs were immobilized on floating 
electrodes of a CNT-FET in a desired orientation, which increased the 
total binding sites of T13NDs. As a result, the ONBN exhibited 
improved performance in terms of sensitivity and selectivity, as well as 
reliability and reproducibility. Furthermore, the ONBN could
distinguish the target molecules in food samples with differing degrees 
of spoilage. Our approach can offer a remarkable sensing system 
toward a practical bioelectronic sensor to enable the detection of death-
associated compounds.
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3.2 Fabrication of oriented nanodisc-functionalized 
bioelectronics nose using TAAR13c-embedded 
nanodiscs
Figure 3-1 Schematic diagram of an ONBN. This illustrates the ONBN and 
possible sensor response curves of an ONBN. T13NDs were successfully 
immobilized on floating electrodes of a CNT-FET, which leads to a high-
performance ONBN. The ONBN can selectively discriminate the rotten foods 
from fresh samples.
Figure 3-1 depicts the schematic diagram and the predicable 
electrical response of an ONBN. A CNT-FET with floating electrodes 
was fabricated following previously-reported processes. A detailed 
method is described in Supporting Information. In brief, CNTs were 
patterned on a SiO2 substrate as transistor channels, and then, Pd/Au 
electrodes were fabricated via a thermal evaporation method. Finally, 
the source and drain electrodes were passivated using photoresist to 
avoid a leakage current through an aqueous environment. After the 
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fabrication of the device, T13NDs were immobilized on the Au 
surfaces of the floating electrodes using half-fragment V5 antibody (Ab) 
as a linker. Here, V5 epitope at T13NDs binds to the half-fragment V5 
Ab on the Au surface, and the immobilized T13NDs on the Au surfaces 
were oriented along the direction so that the binding pockets of 
TAAR13c on the device stand upside. In previous works, the devices 
with randomly immobilized biomolecules also have been studied.23, 24
But, it could be considered that they have a limitation in capability to 
bind with. Therefore, ONBNs could provide an ideal method for the 
detection of the specific target molecules.
3.3 Characterization of TAAR13c expressed in HEK-
293 cell and high-quality TAAR13c-embedded 
nanodiscs
Figure 3-2 (a) shows the experimental results of the dose dependent 
response of TAA13c expressed in HEK-293 cells. We used a dual-glo 
luciferase assay system which was suitable for the characterization of 
the TAAR13c in terms of its selectivity. TAAR13c expressed cells 
exhibited a significant response to CV, but mock vector transfected 
cells had no meaningful responses. This supports that TAAR13c was 
successfully expressed in HEK-293 cells (Figure 3-2 (a)). Figure 3-2 (b) 
shows the selective responses of TAAR13c with 1 
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Figure 3-2 Characterization of TAAR13c expressed in HEK-293 cell and 
high-quality TAAR13c-embedded nanodiscs (T13NDs). The purified 
TAAR13c in NDs was produced in E. coli. (a) Dose-dependent response of 
TAAR13c to the CV (*p<0.05, **p<0.01, ***p<0.001). (b) Selectivity of 
TAAR13c with various amines (HA, hydroxylamine; EA, ethanolamine; PT, 
putrescine; CV, cadaverine; DD, diaminodecane; TMA, trimethylamine; TEA, 
trimethylamine; ThiA, thiamine; TryA, tryptamine; Glu, glutamine). (c) SDS-
PAGE analysis of purified TAAR13c produced in E. coli. (d) DLS size 
distribution of optimized T13NDs. (e) FE-SEM image of T13NDs. (f) Real-
time tryptophan fluorescence of T13NDs with increasing concentration of the 
CV. (g) Selective response of T13NDs to CV measured by real-time intrinsic 
fluorescence.
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μM stimulus of various amines. The TAAR13c was co-
expressed with RTP1S and Gαolf, increasing the level of expressions and 
efficiencies of a signal transduction. The selective binding properties of 
TAAR13 were investigated using various amines, which had different 
amine moieties and structures. Our results show TAAR13c responded 
selectively to CV among various amines. Although PT seems to 
stimulate the TAAR13c partially, there were no significant responses. 
The results are consistent with previous reports that the TAAR13c is the 
most sensitive and selective receptor to death-associated odor CV.3, 5
Figure 3-2 (c) shows the gel staining and western blot results of 
purified TAAR13c expressed in E. coli. Toward a receptor-based 
research, the TAAR13c expressed in E. coli was purified with a high
purity and applied to the formation of receptor NDs. The purification 
and functional reconstitution of GPCRs for the development of 
receptor-based biosensors were reported in our previous studies.9, 25 For 
the production of T13NDs, the TAAR13c and lipids were mixed as 
detergent micelle forms, and then the membrane scaffold protein 
apolipoprotein A-I (ApoA-I) was added in the mixtures to wrap the 
lipid/receptor complex. The T13NDs was obtained after the removal of 
detergent using Bio-bead. The bands of TAAR13c in gel staining 
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indicate that TAAR13c was purified with a high purity. Moreover, the 
observed bands were successfully confirmed as TAAR13c by a western 
blot analysis using V5 epitope Ab. These results show the TAAR13c 
was prepared with a high quality.
Figure 3-2 (d) shows the DLS measurement of T13NDs. For the 
assembly of the T13NDs, ApoA-I, the representative membrane 
scaffold protein, was successfully expressed in E. coli and purified with 
a high purity. After the assembly of the NDs, the NDs-complex 
solutions were applied to the SEC for the removal of residual unbound 
proteins. The fraction of T13NDs from the SEC separation was 
collected and analyzed by DLS. We have tested various conditions for 
the formation of receptor-NDs (lipid sonication and protein 
concentration) and found the best choice for the formation of optimized 
T13NDs. It indicates a quite narrow size distribution with ca. 20 nm in 
its diameter, which is close to the diameter values estimated by FE-
SEM images (Figure 3-2 (e)). These results clearly demonstrate that the 
T13NDs were successfully self-assembled in homogeneous discoidal 
shapes.
Figure 3-2 (f) shows the tryptophan fluorescence of T13NDs with the 
increasing concentration of CV in a real time. In order to analyze the 
affinity of T13NDs with CV, the real-time intrinsic fluorescence of 
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T13NDs was measured. With the sequential addition of the increasing 
CV amounts up to 7 mM, the significant fluorescence change of 
T13NDs was displayed (ca. 25%). On the other hand, there was no 
responses by control buffer solution. Figure2g indicates the selective 
response of T13NDs with CV in real-time tryptophan fluorescence 
using various amines which have different structures and amine 
moieties. It shows that the intrinsic tryptophan fluorescence of T13NDs 
was significantly quenched only by a stimulus of CV. Many researches 
have reported that the intrinsic fluorescence of functional receptor was 
quenched when the ligand selectively binds to the receptor.9, 26, 27
Therefore, these results show that TAAR13c with a high purity was 
effectively reconstituted in NDs.
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3.4 Characteristics of an oriented NDs-functionalized 
CNT-FET with floating electrodes
Figure 3-3 Characteristics of an oriented NDs-functionalized CNT-FET with 
floating electrodes. (a) Fluorescence image and the intensity profile of V5 
antibody-functionalized floating electrodes of a CNT-FET. The images 
represent the functionalized V5 antibody on the floating electrodes of the 
ONBN. (b) Liquid AFM images and the sectional height profile of an ONBN. 
The AFM images show the well immobilized-NDs structures on the floating 
electrode of ONBN. The height graph indicates that the immobilized-NDs had
the similar sizes as those reported previously. (c) Gate profiles of ONBNs 
without or with NDs. These are typical p-type semiconductor characteristics.
(d) Electrical noise characteristics of an ONBN at a frequency domain. It 
exhibited a typical 1/f characteristics.
Figure 3-3 shows the characteristics of an ONBN. Figure 3-3
(a) shows the fluorescence image of V5 Ab-functionalized floating 
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electrodes and its intensity profile graph. To prepare T13ND layers with 
a desired orientation, we utilized V5 Ab as linker molecules to attaches 
T13NDs on floating electrode surfaces. Then, the V5-functionalized Au 
electrodes were incubated in fluorescence dye-labeled V5 Ab solution
(Detailed methods in METHODS section). The fluorescence 
microscopy was utilized to confirm functionalization of V5 Ab on 
floating electrodes of the ONBN. The image clearly shows the bright 
regions corresponding to the floating electrodes functionalized with V5 
Ab, while the dark regions are the SiO2 surfaces. Note that the intensity 
profile of the Au surface was higher than that of the SiO2 surface as 
shown in the intensity profile (bottom of Figure 3a). This result
indicates the immobilized V5 Ab with dye molecules on the floating 
electrode surfaces. This result implies that V5 Ab was successfully
immobilized on the floating electrodes.
Figure 3-3 (b) shows the atomic force microscopy (AFM) images of the 
T13ND-functionalized floating electrode in liquid environments and 
the height profile graph. The left and right images were measured in a 
tapping mode AFM with the scan rates of 0.4 and 0.1 Hz, respectively. 
The bright or dark regions correspond to a T13ND-functionalized 
floating electrode or CNT channels on SiO2 substrates. We can find 
white spots with its height of ~10nm which is comparable to a 
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previously reported diameter of a T13ND.10, 12 This result implies the 
functionalization of T13NDs on the floating electrode.
Figure 3-3 (c) is the gate profile graph of a ONBN before and after the 
immobilization of T13NDs. The gate profiles exhibited typical p-type 
semiconductor characteristics in both cases, indicating that the 
transistor characteristics of the ONBN was maintained even after the 
immobilization of T13NDs on floating electrodes. Note that the 
electrical currents were reduced by the immobilization of T13NDs. It is 
presumably because negatively-charged parts of receptors immobilized 
on floating electrodes gave the gating effect and affected the drain-
source currents.33
Figure 3-3 (d) shows the electrical noise characteristics of an ONBN. 
The data could be fitted by a straight line, indicating a typical 1/f noise 
behavior. The noise amplitude was found to be ~ 10-6 which was 
similar to the previously-reported values of clean network-based CNT-
FETs without T13NDs.27 These results indicate that the 
functionalization of T13NDs on our CNT devices did not increase its 
noise levels, which can be critical in achieving a high sensitivity in our 
devices.
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3.5 Operation of ONBN Device
Figure 3-4 Responses of ONBN devices to CV with various conditions. (a) 
Real-time response of an ONBN to CV with various concentrations. The 
additions of CV solution induced the increase of conductance of the ONBN in 
dose-dependent manner. (b) Dose-dependent response curve of the ONBN to 
CV. By fitting the data using Eq. (3), the equilibrium constant K was 
estimated as 3.63ⅹ1011 M-1. (c) Real-time response of an ONBN to various 
molecular species with amine functional groups. The introduction of non-
target molecules caused negligible conductance changes of the ONBN. (d) 
Comparison of the sensor responses of our ONBN devices to different rotten 
food samples. As the spoilage period for salmon and beef increased, the 
ONBN devices exhibited rather large sensor responses.
Figure 3-4 (a) shows the real-time response of an ONBN to 
46
various concentrations of CV. Here, while adding various 
concentrations of target solutions, we measured drain-source currents 
of the ONBN using a semiconductor analyzer. The drain-source bias 
voltage was maintained as 0.1 V during the measurement. Then, the 
measured data of current changes during the additions of CV were 
normalized by the original current values to estimate the normalized 
conductance change ΔG/G0. Note that the conductance of the ONBN 
was sharply increased after adding various concentrations of CV 
solutions. The ONBN exhibited the increase of its conductance by CV 
solutions with its concentration as low as 10 pM, indicating the high 
sensitivity of our devices. The plausible mechanism for this response is 
that the binding of protonated positively-charged CV molecules to 
TAAR13c increased the work function of the floating electrode.34 Thus, 
the binding of CV decreased the Schottky barrier for hole carriers in the 
device and increased the conductance of the ONBN device.28
Figure 3-4 (b) shows the graph for the normalized sensitivity N of 
ONBNs at different concentrations of CV. The normalized sensitivity 
was estimated by normalizing the sensor sensitivity (|ΔG/G0|) with 
respect to its maximum sensitivity value.29-32 The measured response 
curves can be analyzed using the model based on the Langmuir 
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isotherm theory as previous studies.35 In this model, the density Cs of 
CV molecules bound to the T13NDs on an ONBN can be written as
(1)       =
  	   ∙ 
 /   
where C and K represent the concentration of odorant in a solution and 
an equilibrium constant between odorant and T13NDs, respectively. Cs 
max is the density of T13NDs on the electrodes of an ONBN. The 
binding events between CV and T13NDs induced the increased 
conductance. If we assume that a conductance change ΔG is linearly 
proportional to the number of bounding CV molecules on T13NDs, a 
sensor sensitivity can be approximated as |ΔG/G0| ~ kCs, where k is a 
constant representing the response characteristics of an ONBN. 
Therefore, the sensor sensitivity could be written as
(2) |∆ /  | =  
  	   ∙ 
 /   
As C becomes very large, the sensor sensitivity |ΔG/G0| could converge 




By fitting the measured data with this model, we could estimate the 
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equilibrium constant K between T13NDs and CV as 3.63ⅹ1011 M-1, 
which is a rather large compared with previously-reported values 
measured using cells or biological systems. This result implies that our 
ONBN device can detect target CV molecules with a much higher 
sensitivity than cells or biological systems.
Figure 3-4 (c) shows the real-time response of an ONBN to various 
molecules containing amine functional groups. Here, we injected DD, 
TMA, EA, Glu and CV molecules to the ONBN in series while 
measuring the sensor responses. DD and EA have the similar structures 
with CV, TMA is a fishy odor, and Glu is one of amino acids. The 
structures of these molecules are presented in Supporting Information. 
Note that, the ONBN device exhibited negligible sensor responses to 
non-target molecules with a rather high concentration of 1 μM. 
However, the conductance of the ONBN increased sharply by adding 
CV with a concentration of 1 nM which is 1000 times lower 
concentration than that of non-target molecular species. This result 
clearly shows that our ONBN can selectively detect CV with a very low 
concentration even with various other molecular species with a high 
concentration.
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Figure 3-4 (d) shows the responses of ONBNs to various real sample 
solutions obtained from rotten foods. Each tested food sample was 
prepared in HEPES buffer solution and filtered by ultrafiltration 
membranes. The detailed method is in the METHODS section. The 
samples from salmon and beef with a longer spoilage period exhibited 
larger sensor responses. On the other hand, the samples from salmon 
with sorbic acid, one of the preservatives, exhibited decreased sensor 
responses, presumably due to the reduced spoilage of the salmon by 
sorbic acid. It indicates that our ONBN devices can be used to evaluate 
the quality of real food samples quantitatively. Interestingly, the pork 
fat sample showed negligible sensor responses even with a large 
spoilage period. It is presumably because CV, the target of our ONBN 
device, is the product of a decarboxylation of lysine which existed in 
salmon and beef at a large quantity, but not in pork fat36. These results 
indicate our ONBN devices can be utilized to evaluate the quality of 
versatile real food samples quantitatively under complicated 
environmental conditions.
3.6 Conclusions
In conclusion, we developed a highly-stable NDs-based 
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bioelectronic nose for the detection of CV. The NDs were successfully 
constructed with TAAR13c produced in E. coli. High-quality T13NDs 
efficiently mimic native receptors and lead highly sensitive and 
selective detections of CV. Especially, the immobilization of T13NDs 
with a desired orientation on floating electrodes via linker molecules 
enabled the high density of recognition elements and active binding 
pocket in our ONBN devices, which results in its high sensitivity and 
selectivity. Furthermore, an ONBN measure CV quantitatively in real 
food samples with different spoilage periods. These results show that 
our ONBN device based on high-quality GPCR-conjugated FETs is a 
novel technique for the detection of death-associated odor and has a 
great potential toward a practical bioelectronic sensor applications.
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Other Works: “Bio-switch Chip” based 




In living systems, various enzyme molecules serve to realize 
versatile biochemical reactions critical for bio-functionalities. Such 
enzymes have also been utilized for a wide range of biochip and other 
biochemical applications.1-3 For example, in a glucose meter, glucose 
oxidase (GOx) is coated on the electrode surfaces and used for the 
measurement of glucose concentrations in solutions. It was also 
reported that thin layers of polypyrrole (Ppy) polymer with entrapped 
GOx can be coated on a metal electrode to build highly-efficient 
glucose sensors4-7. DNA polymerase has been utilized to accelerate the 
duplication of DNAs in polymerase chain reaction (PCR) systems.8,9
For such biochemical applications based on enzyme, it is often essential 
to switch on or off the enzymatic reactions via various external control 
parameters such as temperature controls or chemical treatment. 
However, previous control methods of enzymatic reactions are often 
slow and require complicated processes, which have limited the further 
advances in the enzyme-based biochip applications. On the other hand, 
polypyrrole (Ppy) polymer structures have been utilized to store 
chemical species and quickly release them by simple external electrical 
stimuli so that the released chemical species switch on or off the 
activity of biomelecules in real-time. For example, nanowires based on 
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Ppy were used to hold ATP molecules and release it by external 
electrical potential, allowing one to turn on or off the activity of 
biomotor proteins in real-time.10,11 In this case, however, the Ppy 
polymer structures can store only limited amounts of the chemical 
species, which can be problematic in some applications such as 
repeated switching or massive chemical treatments. Various polymer
films including Ppy were also utilized as a membrane to separate two 
solution cells and control the mass transports of versatile small 
molecules including ions.12,13 In this case, the mass transport through 
the membrane can be efficiently controlled via various stimuli such as 
electrical potential, which shows the possibility of using such polymer 
films in building advanced nanobio-devices based on the control of 
biomaterials transport.
We report a switchable bio-chip platform where enzyme molecules 
were entrapped in expandable conducting polymer electrodes. In this 
device, GOx enzyme was entrapped in a thick Ppy layer, and the thick 
Ppy layer was used as a membrane to control the mass transport from 
the external glucose solution into the trapped GOx enzyme via 
electrical stimuli so that glucose oxidation reaction in the solution can 
be turned on or off via simple electrical stimuli. This device structure is 
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named here as a “bio-switch chip” (BSC) in the sense that it allows one 
to switch on or off the bio-molecular reactions via electrical stimuli. 
We found that a negative bias voltage on the Ppy structures in the chips 
opened up channels for the mass transport of glucose solution into the 
trapped GOx and enhanced the enzymatic reaction by more than 20 
times compared with the case without bias voltages. Furthermore, since 
the BSC structures could be fabricated on a specific location on a 
substrate, we could control the enzymatic reaction rate on localized
regions. Considering that biomolecular enzymes can enable extremely 
versatile bio-chemical reactions and conducting polymers are known to 
entrap various biomolecular species without degradation, 10,11,13,14 our 
strategy can be quite a versatile method and should open up various
applications for basic researches and biochemical industries.
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4.2 Structure of Bio-switch Chip
Figure 4-1 (a) shows the schematic diagram illustrating the 
fabrication method of a BSC structure on an Au substrate. The detailed 
procedure for the fabrication of a bio-switch chip can be found in the 
Materials and Methods section. Briefly, photoresist (PR) layers were 
patterned on an Au substrate using a photolithography method. Ppy 
patterns were deposited on the exposed Au surfaces using an 
electrochemical deposition method in the solution including GOx
enzyme, resulting in Ppy patterns with entrapped GOx only on the 
exposed Au surface regions. Then, the substrate was rinsed by acetone 
to remove PR patterns and leave only BSC structures. Here, the 
photoresist layers should be removed thoroughly because some 
remaining photoresist layers during the BSC operations with electric 
bias voltages may cause unexpected contamination in the glucose 
solution. Since organic solvents can damage biomolecules, the acetone 
rinsing process could degrade the GOx molecules on the surface of Ppy 
structures.15,16 However, previous works show that Ppy films could 
efficiently block the penetration of small molecules including organic 
solvents and protect the functionality of biomolecules trapped in 
them.10-14,17,18 Thus, we expect the GOx trapped deep inside the Ppy 
films was protected by the Ppy films and maintained its functionality. 
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Note that since we utilized only conventional fabrication methods such 
as microfabrication and electrochemical deposition techniques, such 
BSC structures with various shapes can be mass-produced on virtually-
general electrode surfaces.
Figure 4-1 (a) Schematic diagram showing the fabrication process for a “bio-
switch chip” (BSC). Photoresist layers were patterned on an Au substrate via 
conventional microfabrication process. Then, Ppy layer was electrodeposited 
in the solution including GOx so that Ppy layers with entrapped GOx were 
formed only on exposed Au surfaces. The substrate was rinsed with acetone 
solution to remove PR layer patterns, leaving only a BSC structure. (b) 
Schematic diagram showing the operation mechanism of a BSC structure for 
the real-time control of enzymatic reaction using electrical stimuli. The 
application of a negative bias voltage of -1 V on the BSC structure resulted in 
the volume expansion of the BSC structure, which opened up the pathway to 
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entrapped GOx and enabled the enzymatic reaction on glucose molecules by 
GOx.
Figure 4-1 (b) shows the basic operation mechanism of a BSC structure
in a glucose solution.  Without any bias voltage, glucose molecules 
could hardly react with GOx molecules entrapped inside the BSC 
structures since they were blocked by Ppy polymer. When a negative 
bias voltage was applied on the BSC structures through the Au 
substrate, the nano-structure of Ppy was expanded as reported 
previously.19-21 However, the application of a positive bias voltage did 
not affect the volume change of the BSC structure. Such a volume 
expansion of the Ppy structures opened up nanoscale holes and 
provided a pathway for the glucose molecules to flow into the GOx 
molecules in the BSC structures. Such a voltage-controlled volume 
expansion of Ppy films has been utilized for various applications based 
on the mass transport of various chemical and biochemical molecular 
species.10,11,13,14 As a result, GOx can catalyze the oxidation of β-D-
glucose into D-glucono-δ-lactone and hydrogen peroxide (H2O2).
22 The 
enzymatic reaction could be confirmed by checking the formation of 
H2O2 in the solution using a hydrogen peroxide assay kit.
23,24 When the 
applied bias voltage was removed, the BSC structures shrank back to 
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the origin volume and blocked the pathways inside the BSC structures, 
thus GOx entrapped in BSC structures stopped the enzymatic reactions.
Note that such switching steps can be repeated many times over a long 
time period.
4.3 Characterization of Bio-switch Chip
Figure 4-2 Microscopy analysis of BSC structures on Au electrode. (a) Optical 
microscopy image of a BSC structure array. (b) AFM image and height profile 
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on the edge of a BSC structure. (c) High resolution SEM image of a BSC 
surface. (d) EDS results on a BSC surface.
We examined the structure and components of BSCs via 
various microscopy (Figure 4-2). Figure 4-2 (a) shows the optical 
microscopy image of the BSC on an Au substrate. The dark and bright 
regions represent the BSC structures and the Au substrate, respectively. 
The square patterns of the BSC structures with clean edges were 
uniformly distributed over the Au substrate. Figure 4-2 (b) shows the 
atomic force microscopy (AFM) topography image and a cross section 
on the edge of the BSC structure. This result shows a rather smooth 
surface with the 300 nm thickness of the BSC structure. These results 
show that our fabrication method can be utilized to fabricate well-
defined BSC structures over a large surface area.
Figure 4-2 (c) shows the high resolution scanning electron microscopy 
(SEM) image of a BSC structure. The surface of the BSC structure 
developed nodules on whole region, which was similar to the 
previously-reported structures of electrodeposited Ppy films.25 The 
energy-dispersive X-ray spectroscopy (EDS) analysis on the BSC 
structure shows the peaks of C, N, and O which are typical elements of 
Ppy polymer structures (Figure S1d).26 The peaks of Si and Au came 
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from the Au film substrate coated on a Si wafer. These results imply 
that our method can be utilized to fabricate BSC structures with a well-
controlled nano-morphology and minimal contaminations.
4.4 Operation of Bio-switch Chip
Figure 4-3 Electrical switching operation of BSC structures with entrapped 
GOx molecules in glucose solution. The BSC structures were turned on by 
applying a -1 V bias voltage through the Au substrate over a different time 
period. The enzymatic reaction by the entrapped GOx generated H2O2. Thus, 
the activation of enzymatic reaction was measured by measuring the 
concentration of generated H2O2 via Amplex Red Reagent Assay kit. (a) 
Absorbance spectra of the glucose solution mixed with Amplex Red reagent
(1:1 by volume) after the operation of BSC structures over different time 
periods. (b) Peak height (at 571 nm) of the absorbance spectra measured from 
the glucose solution mixed with Amplex Red reagent (1:1 by volume) after 
the operation of BSC structures for different time periods. The red, green and 
black marks represent the data taken from the glucose solution oxidized by the 
BSC structures with the bias voltage of -1 V, +1 V, and 0 V, respectively. (c) 
Peak height (at 571 nm) of the absorbance spectra measured from the glucose 
solution mixed with Amplex Red reagent (1:1 by volume) after the operation 
of BSC structures with different bias voltage for 500 seconds. For each BSC 
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operation with a specific bias voltage condition, the absorbance peak heights 
were measured for four solution samples and used to estimate the average 
values and error bars.
Figure 4-3 shows the operation of BSC structures with 
entrapped GOx molecules in a glucose solution. The enzymatic 
reactions by the BSC device were turned on by applying the bias 
voltage on the BSC device, which generates H2O2 as a by-product. 
When a small amount of the glucose solution was taken and mixed with 
Amplex Red reagent solution (1:1 by volume) without any bias 
voltages, the H2O2 in the glucose solution reacted with Amplex Red 
reagent. This reaction produced fluorescent resorufin with a 
characteristic absorption peak at 571 nm, which could be measured 
using a spectrophotometer. Thus, we could quantitatively estimate the 
enzymatic reactions by measuring the concentration of the generated 
H2O2 in the glucose solution via Amplex Red reagent assay kit and a 
spectrophotometer. Figure 4-3 (a) shows the absorption spectra of the 
glucose solution mixed with Amplex Red reagent after the BSC 
operations for different time periods. It shows the characteristic peak of 
the reaction product, resorufin, at 571 nm. Note that the peak amplitude 
increased as the operation time of the BSC increased, indicating the 
electrical stimuli on our BSC structures stimulate the enzymatic 
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reactions by entrapped GOx molecules and generated H2O2. The 
absorbance data can be utilized to estimate the reaction speed. For 
example, the glucose solution, after 800 s reaction by the BSC 
structures, contains the generated H2O2 with 25 M concentration, ‐
indicating the average reaction rate of 31 nM/s. Considering that the 
area of the used BSC structures was 5.6 × 10-4/m2, the reaction rate 
per unit area of the BSC structure with a bias voltage was 5.54 
nM/(cm2∙s). This value is comparable to the previous reaction rate 
values of the GOx-coated on Pt electrode.7 These results show that our 
BSC structure can be utilized to activate enzymatic reactions via 
electrical stimuli in real-time.
Figure 4-3 (b) shows the operation of our BSC devices for different 
time periods. Here, the BSC was turned on for different time periods, 
and the absorption peak height of the glucose solution mixed with the 
assay kit was plotted over the different operation times. When -1 V was 
applied onto the BSC structures, the peak began to increase 
immediately indicating that the GOx activity was switched on 
immediately. When the bias voltage of -1 V was maintained over time, 
the peak (red line) increased almost linearly for the first 800 seconds, 
indicating very active enzymatic reactions by the entrapped GOx. 
67
However, over a long time period after 800 seconds, glucose in the 
solution was probably used up, and thus, the increase rate of the 
absorption peak height slowed down, which is a typical behavior of 
chemical reactions. On the other hand, when zero (black line) or +1 V 
(green line) was applied on our BSC structures, the graph shows 
negligible absorption peak height, indicating the BSC chip was turned 
off and the enzymatic reaction by the entrapped GOx was blocked 
efficiently. Note that when the BSC device was turned on by -1 V bias, 
the enzymatic reaction speed was more than 20 times larger than those 
data when the device was off. These results clearly show that the 
enzymatic reactions of GOx inside the BSC could be regulated via 
electrical stimuli.
Figure 4-3 (c) shows the results after the operation of BSC devices with
various bias voltages. The bias voltages were applied onto the BSC 
structures through the working electrode with respect to the Ag/AgCl 
reference electrode for 500 seconds. Then, the absorption peak height 
of the glucose solution mixed with the assay kit was measured. We 
could observe large absorption peaks from the solution after the 
operation of BSC devices with negative bias voltages, indicating a 
rapid glucose oxidation at this bias voltage condition. It also should be 
noted that our BSC devices exhibited very little glucose oxidation 
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reaction with zero or positive bias voltages. Previously, GOx enzyme 
on the surface of various electrodes has been utilized as a part of 
glucose sensors, where the GOx exhibited rapid glucose oxidation with 
zero or positive bias voltages on the electrode.4-7 In the case of our BSC 
devices, GOx can be trapped on or deep inside a rather thick Ppy films, 
and that on the surface of the Ppy flims could be degraded due to the 
acetone rinsing process during the device fabrication processes.15,16 The 
negligible glucose oxidation reaction by our BSC devices with a zero or 
positive bias conditions indicate the GOx on the surface of our Ppy 
structures was significantly damaged, presumably, due to the acetone 
treatment during the device fabrication processes. However, the large 
glucose oxidation reaction at negative bias voltages implies that GOx 
deep inside our thick Ppy structures was protected by the Ppy films 
during the device fabrication processes and could oxidize glucose when 
the Ppy films expanded and allowed the external solution to access the
GOx at negative bias voltage conditions. Previous works show that 
thick Ppy films with a zero bias voltage could block the penetration of 
small molecules and protected biomolecules trapped in them.10-14,17,18
On the other hand, at large negative bias voltages like -2 V, the 
absorption peak height was decreased indicating the reduced 
concentration of H2O2. Presumably, the glucose oxidation speed of our 
69
BSC devices was limited by the limited amount of GOx in the devices, 
while the generated H2O2 by the glucose oxidation reactions could be 
electrochemically reduced rapidly by a rather high bias voltage on the 
electrodes.27,28 These results indicate that the ideal operation condition 
of our devices was a negative bias voltage up to -1 V on the Ppy 
structures.
4.5 Control of Enzymatic Reaction via Bio-switch 
Chip
Our method allows one to create BSC structures on a specific 
region on a solid substrate so that enzymatic reaction only on the region 
can be controlled (Figure 4-4). As a proof of concept, we fabricated 
BSC devices containing GOx and pure Ppy structures on the same 
substrate to demonstrate the localized enzymatic reaction controlled by 
electrical stimuli (Figure 4-4 (a)). Here, the solutions around two cells 
were separated by a well to clearly see the effect of localized enzymatic 
reactions. Detailed fabrication processes can be found in Materials and 
Method section. In brief, a well was fabricated by 3D printer, and it was 
coated with polydimethylsiloxane (PDMS) to prevent the leakage of 
glucose solution. The well was mechanically clamped down on an Au 
substrate, and Ppy structures were electrodeposited with or without
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entrapped GOx. After the deposition process, each cell was rinsed 
thoroughly with deionized water. Note that in this cell, we could apply 
the same bias voltage onto the Ppy structures with or without entrapped 
GOx and compare the results of the localized enzymatic reactions 
under identical conditions.
Figure 4-4 Real-time control of enzymatic reactions in localized regions via 
electrical stimuli. (a) Schematic diagram showing BSC device and pure Ppy 
structures separated by a well. (b) Optical image showing the glucose solution 
mixed with Amplex Red reagent around BSC (upper red solution) and pure 
Ppy (lower transparent solution) structures after the BSC operation. Here, -1 
V bias was applied both BSC and Ppy structures for 30 seconds and Amplex 
Red reagent was added (1:1 by volume) without any bias voltage. The red 
color came from the resorufin generated by the reaction between Amplex Red 
reagent and H2O2. (c) Peak height of the absorbance spectra measured from 
the glucose solution mixed with Amplex Red reagent solution after the 
operation of BSC structures over different time periods. At the on-state, -1 V 
was applied to the BSC structures, while zero bias was applied to the 
structures at the off-state.
We filled the cells with the same glucose solution and applied – 1 V on 
the both sides of the cells for 30 s. Then, the Amplex Red reagent assay 
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kit was introduced without any bias voltage (Figure 4-4 (b)). The red 
(upper side) or transparent (lower side) solution regions in Figure 3b 
represent the optical image of the solutions around Ppy structures with 
or without entrapped GOx molecules in the cells, respectively. The red 
color in the upper cell came from the resorufin generated by the 
reaction between Amplex Red reagent and H2O2 in the solution. It 
indicates the active enzymatic reaction by the entrapped GOx generated 
H2O2 as a by-product. On the other hand, the cell of pure Ppy structures 
did not exhibit a red color, indicating no reaction even with the same 
bias voltage. These results clearly show that our BSC devices can be 
utilized to control the enzymatic reactions only on a specific region in 
the solution.
Our BSC devices can be utilized to switch on or off the enzymatic 
reactions in real-time. Figure 4-4 (c) shows the peak height of the 
absorption spectra measured from the glucose solutions after turning on 
or off a BSC device for different time periods. We applied the negative 
bias voltage of -1 V on the BSC structures for 500 s (on state) and then 
removed the bias voltage for 1000 s (off state), which was repeated 
twice. The absorption peak intensity increased rapidly at ‘on state’, 
whereas it did not increase at ‘off state’ (Figure 3c, red line). Note that
when we applied –1 V bias, the absorption peak height began to 
72
increase immediately, indicating the glucose oxidation reaction was 
switched on immediately by our BSC device. Furthermore, when a bias 
voltage was removed, the absorption peak height immediately stopped 
to increase, which shows that our BSC device can switch off the 
oxidation reaction. These results show that our device can switch on or 
off the glucose oxidation reaction rapidly via electrical signals. The 
oxidation reaction speed at the on-state was more than twenty times 
faster than that at the off-state. On the other hand, the reaction did not 
occur in the cell with pure Ppy structures without GOx enzyme. It 
means that the GOx-free BSC do not show any significant reaction by 
electrical stimuli. We also demonstrated that our BSC device can be 
repeatedly turned on or off in many cycles (Figure S2 in Supporting 
Information). These results clearly show that our BSC devices can be 
utilized to control the enzymatic reaction with both spatial and 
temporal resolutions.
4.6 Conclusions
In conclusion, we demonstrated the BSC platforms comprised 
of GOx enzyme entrapped in thick Ppy polymer layers on Au electrode 
surface. This device allows one to turn on or off the glucose oxidase 
73
reactions in glucose solution in real time via electrical stimuli. In this 
chip, we could stimulate the enzymatic reaction on the localized 
regions by twenty times via electrical stimuli on the BSC chip. 
Considering that enzymes can provide extremely versatile chemical 
functionalities which area often critical biological processes, the real-
time control capability of our BSC platforms should open up quite 
versatile applications including advanced biochips and biochemical 
devices which can be turned on or off via simple electrical signals.
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In this dissertation, we developed a MBS that could recognize
various odorants and tastants indicating the food contaminations. We 
showed that the MBS could monitor the responses of various sensory 
receptors, which indicated different binding characteristics. The MBS 
represented a human-like performance in a mixture solution with 1 pM 
detection limit for their target molecules. Furthermore, the MBS could 
detect food contamination indicators from the real food samples via the 
combinations of responses of various receptors.
In the second, a ONBN for the detection of CV was successfully 
developed via the hybridization of NDs containing TAAR13c receptors
produced in E. coli. and CNT-FET with the floating electrodes. The 
well-developed ONBN could mimic native binding pockets and their 
responses to recognize CV with high sensitivity and selectivity. The
immobilized T13NDs on floating electrodes via linker molecules with 
the orientation enabled ONBN to discriminate target molecules with 
human-like sensitivity and selectivity. Moreover, an ONBN 
quantitatively rocognize CV in real food samples by spoilage periods. 
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These results showed that our ONBN platform based on GPCR-
conjugated FET could provide a novel platform for the detection of 
death-associated odor and have a potential on practical bioelectronic 
sensor applications.
Lastly, in the last part of this dissertation, we discussed the novel 
strategy to control the enzymatic reaction via nanostructured 
conducting polymer. Using this strategy, we controlled the enzymatic 
reaction in real-time using electrical stimuli. The fabricated BSC 
structures showed the switch of enzymatic reaction in real-time. The 
BSC structure resulted in the 20-folds increased glucose oxidation 
reaction by the introduction of a negative bias voltage on BSC than that 
without a bias voltage. Moreover, we controlled the enzymatic reaction 
on specific regions using the BSC since that could be developed on 
specific regions. In consideration of the fact that enzymes enable useful 
and versatile to bio-chemical reactions, the capability to control the 
enzymatic reactions using simple electrical signals could open up 





나노물질들을 기반으로 제작된 인공감각 센서는 그들이 갖는 매우
뛰어난 감도와 선택성 때문에 많은 관심을 받고 있다. 동물들의 감
각기관에 대한 기본적인 연구와 나노물질과 바이오물질과의 융합은
높은 성능을 갖는 센서의 제작에 필수적인 요소라고 할 수 있다.
본 연구에서는 다양한 감각 수용체 단백질의 반응성에 대한 연구를
진행하였다. 이를 위해서 우리는 동물의 감각기관의 반응성을 모사
하여 음식물의 부패를 검지할 수 있는 신뢰도 높은 인공감각기관을
개발하고자 하였다.
먼저, 이를 위해서 우리는 다양한 부패물질을 검지가능한 다채널을
갖는 인공감각 센서를 개발하였다. 우리는 개발한 다채널 센서를 이
용하여 여러가지 감각 수용체 단백질의 다양한 반응 특성을 살펴보
았다. 다채널 센서는 다양한 타겟 물질에 대해서 1 pM의 매우 높은
수준의 감도를 보여주었다. 게다가, 이 센서를 이용하여 실제 부패한
음식에서의 다양한 반응을 살펴볼 수 있었고, 이들의 반응의 조합을
통해서 실제 사람과 같은 반응을 나타내는 것을 확인할 수 있었다.
다음으로는 방향성과 높은 안정성을 갖는 나노디스크 기반의 단백
질 부패 검지센서를 개발하였다. 수용체 단백질이 포함된 나노디스
크를 탄소나노튜브 기반 소자의 플로팅 전극 부분에 방향성을 갖게
끔 고정화하여, 높은 감도와 높은 선택성을 갖게끔 유도하였다. 또한,
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나노디스크 기반의 단백질 부패 검지센서는 실제 음식의 단백질 부
패도를 부패한 기간에 따라서 정량적으로 분석할 수 있었다.
위와 같은 결과들은 우리의 수용체 단백질 기반의 인공감각기관에
대한 연구가 다양한 식품개발과 의료진단에 응용될 수 있다는 것을
보여준다. 뿐만 아니라, 실제와 같은 반응을 모사할 수 있는 감각기
관 개발에 기여할 수 있다는 것을 보여준다.
본 연구의 마지막 부분에서는 전도성 고분자 물질의 나노구조를 이
용하여, 효소반응을 조절하기 위한 연구에 대해서 언급하였다. 바이
오 스위치칩이라 명명한 해당 기술은 전기적 자극을 통해서 효소의
작용을 전기적 자극이 없을 때와 대비하여 20배 가량 향상시킬 수
있다는 것을 보여준다. 뿐만 아니라, 우리는 바이오 스위치칩을 우리
가 원하는 부분에만 형성시킬 수 있다는 점을 활용한다면, 원하는
부분의 효소작용만을 조절할 수 있다는 점을 보여준다. 효소 단백질
이 갖는 유용성과 다양한 응용 분야를 생각해봤을 때, 본 연구는 다
양한 바이오칩 및 생화학연구분야에 많은 기여를 할 수 있을 것이
라고 보여진다.
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